The structural basis of the interaction between the CD4 coreceptor and a class II major histocompatibility complex (MHC) is described. The crystal structure of a complex containing the human CD4 N-terminal two-domain fragment and the murine I-A k class II MHC molecule with associated peptide (pMHCII) shows that only the ''top corner'' of the CD4 molecule directly contacts pMHCII. The CD4 Phe-43 side chain extends into a hydrophobic concavity formed by MHC residues from both ␣2 and ␤2 domains. A ternary model of the CD4-pMHCII-T-cell receptor (TCR) reveals that the complex appears V-shaped with the membrane-proximal pMHCII at the apex. This configuration excludes a direct TCR-CD4 interaction and suggests how TCR and CD4 signaling is coordinated around the antigenic pMHCII complex. Human CD4 binds to HIV gp120 in a manner strikingly similar to the way in which CD4 interacts with pMHCII. Additional contacts between gp120 and CD4 give the CD4 -gp120 complex a greater affinity. Thus, ligation of the viral envelope glycoprotein to CD4 occludes the pMHCII-binding site on CD4, contributing to immunodeficiency. T he adaptive immune response depends on the specific recognition by a T-cell receptor (TCR) of an antigenic peptide bound to a major histocompatibility complex (MHC) molecule (pMHC), as well as interaction of this same pMHC with a CD8 or CD4 coreceptor (1-4). The structural basis of the TCRpMHCI, TCR-pMHCII, and CD8␣␣-pMHCI interactions has been crystallographically defined (1, 5-8), whereas the structural nature of CD4-pMHCII is not yet known. The extracellular rod-like CD4 segment consists of four concatamerized Ig-like domains (D1-D4) (9-11). Mutagenesis studies have suggested that residues in the membrane distal D1-D2 module bind to predominantly nonpolymorphic residues of MHC class II molecules (12-14). During pMHCII recognition, CD4 and TCR colocalize to interact with the same pMHCII (2). Hence, CD4 brings the p56 lck that associates with the short CD4 cytoplasmic tail to the site of immune recognition (15). In fact, such tyrosine kinase recruitment, rather than any major contribution to binding energy, appears to be the major function of CD4 (16).
T
he adaptive immune response depends on the specific recognition by a T-cell receptor (TCR) of an antigenic peptide bound to a major histocompatibility complex (MHC) molecule (pMHC), as well as interaction of this same pMHC with a CD8 or CD4 coreceptor (1) (2) (3) (4) . The structural basis of the TCRpMHCI, TCR-pMHCII, and CD8␣␣-pMHCI interactions has been crystallographically defined (1, (5) (6) (7) (8) , whereas the structural nature of CD4-pMHCII is not yet known. The extracellular rod-like CD4 segment consists of four concatamerized Ig-like domains (D1-D4) (9) (10) (11) . Mutagenesis studies have suggested that residues in the membrane distal D1-D2 module bind to predominantly nonpolymorphic residues of MHC class II molecules (12) (13) (14) . During pMHCII recognition, CD4 and TCR colocalize to interact with the same pMHCII (2) . Hence, CD4 brings the p56 lck that associates with the short CD4 cytoplasmic tail to the site of immune recognition (15) . In fact, such tyrosine kinase recruitment, rather than any major contribution to binding energy, appears to be the major function of CD4 (16) .
Structural information about the CD4 receptor-ligand interaction would be of particular importance, given the expression of CD4 on the surface of all helper T cells and the essential role of this protein in their activation. Once triggered, helper T cells stimulate B-cell antibody production and cytolytic T-cell generation, thereby regulating the induction of the immune response. Development of methods to block CD4-pMHCII interaction might lead to an important new class of immunosuppressive compounds, depending on structural data. With this goal in mind, we have determined the crystal structure of a CD4-pMHCII complex. As reported below, it is now possible to compare the nature of coreceptor binding to pMHC for both CD4 and CD8 T-cell subsets as well as to examine how CD4 is ligated by its physiologic pMHCII ligand versus the pathologic HIV1 gp120 ligand.
Materials and Methods
Crystallization and Data Collection. The human CD4 N-terminal two-domain fragment (amino acid residues 1-183) and the murine class II molecule I-A k with a covalently linked 13-residue hen egg conalbumin (CA) peptide (residues 134-146) were prepared as previously reported (10, 17) . Crystals were grown by using the hanging-drop vapor-diffusion method. CD4 and CA͞ I-A k were stoichiometrically mixed to a concentration of 20 mg͞ml. The complex solution was further mixed with reservoir crystallization buffer in equal volume to 2 l. The reservoir contains 1 ml of 17% polyethylene glycol 4,000͞0.2 M Li 2 SO 4 ͞ 0.1 M Tris at pH 8.5. The rod-like crystals of 0.25 ϫ 0.05 ϫ 0.05 mm grew readily at room temperature in a few days. They belong to space group P4 3 22 with unit cell dimension: a ϭ b ϭ 145.2 Å and c ϭ 103.8 Å. There is one complex in the asymmetric unit with a solvent content of Ϸ68%. These crystals diffract very anisotropically (3.5 Å along the c-axis, the rod direction, and only around 4.5-5 Å in the perpendicular direction) and are extremely sensitive to any changes in harvest condition.
Data were collected at the SBC-CAT 19ID beamline of the Advanced Photon Source at Argonne National Laboratories. The best data set was obtained from a single prefrozen crystal that was directly picked up from the crystallization droplet with a loop, ''soaked'' in mineral oil for half a second, and then dipped into liquid nitrogen for freezing. Data with an oscillation range covering 160°were collected to ensure a high degree of redundancy. The data were processed by using the HKL2000 suite (18) . For the overall data within 30-4.3 Å, the I͞ ϭ 12.0, R merge ϭ 15.2%; completeness ϭ 83% (100% completeness to 5 Å); redundancy ϭ 9.6; whereas at the outer resolution bin (4.45-4.3 Å), the corresponding figures are 1.9, 61%, 56%, and 7.8, respectively.
Structure Determination. The structure was determined with the molecular replacement method. The search for I-A k (without a peptide) was first carried out within a data range of 10-5 Å with the program AMoRe (19) by using the pdb file 1IAK (20) as a search model. The solution was straightforward, giving an out-standing rotation function peak with a correlation coefficient of 6.3 versus 3.3 for the next peak. After the fitting step, the correlation coefficient reached a value of 35.1, and the R factor was 49.8% at 5 Å. The CD4 molecule was located by using an evolutionary six-dimensional search algorithm, implemented in the program EPMR (21) , also at 5 Å resolution. The properly positioned MHC molecule was added as a constraint such that the centers of gravity of the CD4 molecule and the MHC molecule are 12 Å apart. The best solution has a correlation coefficient of 60.3 versus 51.2 for the second highest. In addition, FFFEAR (22) was run to perform a reciprocal space search with data to 4.3 Å to position the CD4 molecule by using phases from the properly placed MHC molecule. The rms deviation between the models derived from FFFEAR and EPMR was 1.5 Å for all C␣ atoms. Further rigid body refinement, including all measured reflections in the range 20-4.3 Å with REFMAC (23) , gave an R factor of 42% (48% from 4.5 to 4.3 Å) and an R free of 45% (48% from 4.5 to 4.3 Å) by using bulk solvent correction and anisotropic scaling. The rigid bodies consisted of each of the four domains of the class II MHC molecule, the peptide, and each of the two domains of the CD4 D1-D2 molecule. No major domain movements were observed on rigid body refinement. TLS refinement was performed on the same rigid bodies to get an estimate for the atomic displacements of the domains. (24) to ascertain their optimal position, whereas the remainder of the model was not adjusted further. The structure coordinates arrived at after rigid body refinement, as well as the structure factor amplitudes, have been deposited in the Protein Data Base under code 1JL4.
Mutagenesis, Transfection, and Binding Assay. Mutagenesis of human CD4 by using single-stranded DNA and oligonucleotides (18-22 bases) was carried out as described (12) . Mutant CD4 was subcloned into the XbaI site of the CDM8 vector. COS7 cells were plated into each well of Falcon six-well dishes and were transiently transfected with 5 g of wild-type or mutant CD4 DNA by the calcium phosphate͞chloroquine method. Two days after transfection, binding of MHC class II ϩ human B lymphoblastoid Raji cells to CD4-transfected COS7 cells was assayed as described (12) . Briefly, 1 ϫ 10 7 Raji cells were added onto the COS7 cell monolayer and incubated at 37°C for 1 h. Unbound Raji cells were removed by aspiration and further washing, and binding of CD4 to class II MHC was enumerated by counting the number of COS7-cell-B-cell rosettes in 10 random optical fields under a microscope. Cells transfected with CDM8 vector alone served as negative controls for rosette formation. Cell-surface CD4 expression was determined by using mAbs and indirect immunofluorescence, as described (13, 14) .
Results and Discussions CD4 -pMHCII Complex. Prior studies established that human CD4 interacts with murine as well as human pMHCII (25) (26) (27) . To examine the CD4-pMHCII interaction structurally, the human CD4 two domain fragment (amino acids 1-183) (10) and the murine class II molecule I-A k (17) were stoichiometrically mixed and cocrystallized. The tetragonal crystals diffract anisotropically, to beyond 3.5 Å in the best direction and to within 4.5-5 Å in the worst direction. The structure was determined by using the molecular replacement method and rigid-body refined to 4.3 Å with an R factor reaching 42%. Although the complex structure has a limited resolution, the result can be interpreted with confidence in light of known high-resolution structures of each of the two molecular components. This information includes the general binding topology and interacting structural elements involved. However, at this relatively low resolution, any description of detailed interaction is tentative.
The complex structure shows that the CD4 N-terminal immunoglobulin variable region-like domain is directed toward and reaching into the two membrane-proximal domains of the MHC class II molecule. The C terminus of the CD4 molecule points away from pMHCII ( Fig. 1) . Consequently, domain 2 of the CD4 fragment makes no contact with the pMHCII molecule. In other words, the long axes of the two molecules are neither antiparallel, as expected, nor perpendicular, as in the case of the CD8-pMHCI interaction (5, 8) . There are three major binding elements on the N-terminal domain of CD4: Phe-43, the CЉ strand, and the short ␣-helical segment between ␤ strands D and E. Collectively, these structural elements are located at the ''top corner'' of the domain, encompassing what has been previously referred to as the CЈCЉ ridge (10) .
The most striking feature of the interactions is that the aromatic ring of Phe-43 at the beginning of the CЉ strand is inserted into a site surrounded by a conserved group of hydrophobic pMHCII residues, appearing to include Val-91, Phe-92, and Trp-178 from the ␣2 domain as well as Ile-148 and Leu-158 from the ␤2 domain. Fig. 2A is a local view of this area and depicts how ␣2 and ␤2 domains of the pMHCII molecule together form the concavity for CD4 binding. Fig. 2B shows the position of these hydrophobic MHC class II residues relative to the CD4 CЉ strand. Superimposed is an omit map showing a local region where the CЉ strand lies. The rather striking conservation of residues in this region between human and mouse alleles and across loci is evident from the Fig. 2C sequence alignment.
The second major CD4-MHC class II interaction is between the middle portions of the CD4 CЉ strand and the pMHCII ␤2 domain D strand. The backbones of CD4 Lys-46-Leu-44 and pMHCII Ser-144-Gln-146 segments meet to form a much twisted, antiparallel mini-␤-sheet. This mini-␤-sheet helps bring the Phe-43 at the beginning of the CЉ strand into the contact site to perform its key binding function.
The third interaction site involves the helical region between ␤ strands D and E of the CD4 N-terminal domain and approximated residues of the pMHCII ␣2 domain. There is a group of charged and other hydrophilic residues in the contact area for both interacting partners that could potentially form a series of salt bridges and hydrogen bonds between the two molecules. These hydrophilic contacts may include Ser-60 and Asp-63 from CD4 and Gln-88␣ and Lys-176␣ of pMHCII, respectively. In addition, other hydrophilic interactions might involve CD4 residues Lys-35, Lys-46, and Arg-59 that are within reach of Glu-162␤ and Gln-146␤ as well as Gln-88␣ and Asp-110␣ of pMHCII. As suggested by analysis of other surface proteins involved in cell-cell interactions and their ''hot spots,'' a hydrophobic residue such as Phe-43 may provide the major binding energy, whereas surrounding charged residues facilitate specificity (1). A role for both ␤2 and ␣2 pMHCII domains in the CD4 interaction was anticipated by domain swap and mutagenesis studies, although the functional disruption from those pMHCII point mutations is secondary to internal structural rearrangements (28) (29) (30) . Although the CD8␣␣ homodimer also uses the N-terminal portions of its paired variable-like domains to contact a pMHCI molecule, it does so differently, in several respects, from the way in which CD4 binds to a pMHCII (5, 8) . The major CD8-binding site on pMHCI is the CD loop of the ␣3 domain, the counterpart of the ␤2 domain in pMHCII. By contrast, the major CD4-binding site on pMHCII involves the junction of ␣2 and ␤2 domains (the D and E strands of ␤2 and the A and G strands of ␣2). There are no direct contacts between CD4 and the CD loop of the pMHCII ␤2 domain. CD8␣␣ clamps onto this CD loop of the pMHCI ␣3 domain in an antibody-like manner with all six CDRs (three from each V-like domain) across the top of the two CD8 subunits. On the other hand, CD4 interacts with pMHCII by using only the ''top corner.'' Finally, CD8 binding causes the ␣3 domain to swing relative to the rest of the pMHCI molecule (5, 8) , whereas CD4 binding does not seem to induce significant pMHCII domain movements.
The structure agrees well with CD4 mutational data if one considers those mutations that do not alter CD4 expression (Ն90% of wild-type CD4 levels) yet significantly impair class II MHC binding (Յ30% rosetting), as determined by adhesion assays between hCD4 transfected COS cell and class II MHC expressing human B lymphoblastoid cells and, in the case of Phe-433Ile, analysis of transgene mice (13, 14, 31) . On the other hand, mutations that more modestly impair cell binding and͞or are associated with reduced CD4 cell surface expression in the functional adhesion assay do not correspond to CD4-pMHCII contact sites observed crystallographically. The precise geometry of the CЈCЉ ridge relative to the rest of CD4 D1 is undoubtedly important because internal alterations that shift or eliminate hydrogen bonds, for example, mutations of Trp-623Tyr or Ser-493Val, strongly disrupt pMHCII binding. Only CD4 Lys-72 and Thr-81 residues fail to make direct contacts to pMHCII in the crystallographic structure yet virtually eliminate pMHCII binding when mutated to alanine. We did not find crystal contacts between symmetry-related molecules in the unit cell involving Lys-72 or Thr-81 to suggest that they represent points of CD4-CD4 oligomerization. Thus, these two residues are neither sites of pMHC ligand contacts nor oligomer contacts. However, effects of those two residues may be secondary such that, for example, the Thr-813Ala mutation impacts on a hydrogen bonding network involving Gln-94 near the CD4 D1-D2 junction.
Ternary Model of pMHCII, TCR, and CD4. To date, there has been no structural report on a ternary complex that contains a pMHCII, a TCR, and an intact CD4 molecule. Because a binary complex structure of the TCR-CA͞I-A k complex (17) and a structure of the entire extracellular four-domain fragment of hCD4 (CD4 D1-D4) (11) are available, a ternary complex model can be Fig. 2 . The conserved hydrophobic pocket formed by class II MHC ␣2 and ␤2 domain residues into which CD4 Phe-43 inserts. (A) Class II MHC is depicted in surface representation form and adjacent CD4 residues in ball-and-stick format. Hydrophobic residues from domain ␣2 (light green) and domain ␤2 (dark green) of the I-A k molecule are shown. The positions of the side chains of Phe-43 (yellow) and Arg-59 (blue) have been optimized by molecular dynamics by using CNS (24) . The surface representation was prepared with SPOCK. (B) The same region is presented with residues that contribute to the hydrophobic pocket shown, including Val-91, Phe-92, and Trp-178 from the ␣2 domain and Ile-148 and Leu-158 from the ␤2 domain of the MHC class II molecule in green. The C␣ trace of the MHC class II molecule in this region is depicted in dark red. The C␣ trace of the CЉ strand of the CD4 molecule is depicted in cyan, and the Phe-43 residue is shown in yellow. A portion of an omit map at a contour level of 1 is shown in gold for the CЉ strand of CD4, which was obtained by rigid body refinement with this segment excluded from the calculation. (C) Sequence alignment of the highly conserved contact regions in MHC class II for different murine (I-A k , I-A d , and I-E k ) and human (DRA*0101͞ DRB1*0101, DRA*0101͞DRB1*04011, DQA1*01012͞ DQB1*0401, DQA1*03011͞DQB1*0502, DPA1*0104͞ DPB1*01011, DPA1*0301͞DPB1*0401) alleles by using CLUSTALX (48) . Residues Val-91, Phe-92, and Trp-178 of the ␣2 domain and Ile-148 and Leu-158 of the ␤2 domain are indicated by a triangle. The consensus is defined so that entirely conserved residues are depicted by their amino acid code, whereas p indicates conservation of a polar residue, h conservation of a hydrophobic residue, and s conservation of a small side-chain-containing residue. (17) . The D10-CA͞I-A k structure contains only the V-module of the TCR. Because all TCRs share a common C module that is structurally similar in human and mouse, and the V modules of D10 and a class I-restricted human TCR B7 (32) can be superimposed onto each other extremely well (17), the C module of D10 TCR can thus be modeled from the B7 structure. We then applied the transform derived from the superposition of the CD4 D1D2 components of the current hCD4 D1D2-CA͞ I-A k structure and the hCD4 D1-D4 structure (11) to incorporate the C-terminal D3D4 module of hCD4. The final ternary complex model (Fig. 3) gives a view of how an MHC class II-restricted TCR and an intact CD4 molecule derived from a T-helper cell might simultaneously bind to the same pMHCII on an opposing antigen-presenting cell.
From the perspective of the T-cell surface membrane (Fig. 3  Upper) , both TCR and CD4 are tilted rather than oriented vertically. Assuming the insertion point of the CD4 ectodomain into lipid rafts where CD4 is a resident protein (33) and that of the non-raft resident TCR proteins are at equivalent vertical positions in the cell membrane, this ''tilt'' is likely because of the intrinsic features of the TCR complex components. The D1-D2 junction and D3-D4 junction of the CD4 molecule are quite rigid, with the D2-D3 junction itself having only limited flexibility (11) . Thus, the total length of the concatenated four-domain CD4 rod is Ϸ120 Å, with virtually no capacity to extend further. The length of the binary TCR-pMHCII complex is around 130-140 Å, slightly longer than CD4. On the basis of prior analysis of TCR-pMHCII interactions (17, 34) , it is likely that the variation of TCR docking topology onto pMHCII is limited, making the D10-CA͞I-A k complex a reasonable surrogate for all TCR-pMHCII interactions. The stalk regions connecting the membrane proximal domain and transmembranespanning segment of CD4, TCR C␣, and TCR C␤ are, respectively, 9, 19, and 13 amino acids in length. If the TCR-pMHCII binary complex oriented vertically to the cell membrane, then the CD4 molecule would not be of sufficient length to reach out from the T-cell membrane to maintain the V-shaped binding mode. Movement at the CD4 D2-D3 junction or alteration of the relative TCR and CD4 insertion points and intervening membrane may modify the picture to some degree. However, such variation is unlikely to change the overall binding topology of the components.
Several interesting features about the ternary complex model shown in Fig. 3 can be noted. There are no direct contacts between CD4 and the TCR ␣␤ heterodimer, consistent with recent Biacore studies (16) . In fact, the membrane-proximal ends of these two molecules are as far as 100 Å apart. On the basis of mAb epitope mapping and chain association studies (35, 36) , CD3 and CD3␦ subunits may sit within or near this interval, Fig. 3 . Model of the ternary CD4 -pMHCII-TCR complex. The assembly of several crystal structures reveals a ternary complex composed of the hCD4 D1-D4, pMHCII, and TCR having a V-shaped configuration. The D10 TCR-CA͞ I-A k complex consists of the ␣ (bright red) and ␤ (yellow) subunits of the I-A k molecule, the CA peptide (green), and the two TCR subunits ␣ (dark red) and ␤ (beige). The hCD4 D1-D4 is shown in blue, with the approximate position of the D4 glycan given as an orange ball. The assembly is oriented with the T-cell membrane on top and the antigen-presenting cell membrane on the bottom. 
Mutations are designated by the name of the residue (three-letter amino acid code) and the position in the sequence followed by the name of the substituting residue. a, mutation of the residues observed in the study of Wu et al. (11) to be involved in CD4 dimer contacts in different crystals of hCD4 D1-D4. b, mutation of human CD4 residues to those of murine CD4. Relative levels of CD4 expression were defined by groups I-III, as follows: I, comparable to wild-type CD4; II, reduced to 31-60% of wild-type CD4; III, reduced to 10 -30% of wild-type CD4. Rosette formation between CD4-expressing COS7 cells and MHC class II-expressing Raji B cells were measured and categorized as follows: ϩϩ, comparable to the rosette formation of wild-type CD4; ϩ, reduced (31-60%) of wild-type CD4; Ϯ, poor (10 -30%) of wild-type CD4; Ϫ, Ͻ10% rosette formation. Results are representative of three independent experiments. but the ample space makes direct CD4-CD3 contact unlikely. The antigen-binding groove of pMHCII is no longer parallel to the cell surface but makes about a 45°angle with the membrane. Despite the overall predicted V shape for the ternary complex, the membrane-proximal domains of each of the components are all roughly vertical, including domain 4 of CD4, the ␣2 and ␤2 domains of pMHCII, as well as the C␤ domain of TCR. The only exception is the unique C␣ domain, which hangs almost parallel above the membrane with its relatively lengthy stalk region bridging the space. Human CD4 has one glycan attached to Asn-300, a residue located on the AB loop of domain 4 and pointing toward the membrane and away from TCR-pMHCII. This glycan may help preconfigure CD4 to assume a favorably tilted orientation for ligand binding in a role analogous to that observed in the structure of intercellular adhesion molecule-2 (37). Overall, this unexpected V-shaped binding mode raises intriguing questions as to how the cytoplasmic portions of the TCR subunits, including their immune receptor tyrosine activation motifs and the CD4-associated p56 lck , coordinate in signaling, the precise disposition of the CD3 components within the TCR machinery, and whether this ectodomain model represents a pre-and͞or post-activation complex.
In vitro data have suggested that functional CD4-pMHCII binding may depend on CD4 oligomerization (29, 38) . Dimerization of the CD4 D1-D4 via D4 in several crystal lattices has been interpreted as consistent with this view (11) . Assuming this is the case, then the V shape of the ternary complex modeled herein could become a ''W'' shape by crosslinking of two adjacent V-shaped CD4-pMHC-TCR complexes. However, this is unlikely to occur, because the two protomers within the CD4 D1-D4 dimer have a very large opening angle. Consequently, the vertical distance from the apex of the CD4 D1-D4 dimer interface to the other end of each CD4 molecule is only Ϸ80 Å. In comparison, excluding their respective stalks, the ternary complex spans 120 Å between the two opposing cell membranes. Thus, the different geometries make it difficult to imagine how CD4 dimers could create an oligomer array between the T cell and the antigen-presenting cell. In our current crystal structure, two CD4 D1D2 molecules are related by a crystal dyad in a parallel fashion. Both D1 and D2 are so closely juxtaposed to their symmetry mates that CD4 D3D4 cannot be modeled onto these CD4 D1D2 fragments without serious molecular collision. We have also examined molecular packing modes in published crystal structures that contain CD4 fragments (CD4 D1D2, CD4 D3D4, CD4 D1-D4), and pMHCII and relevant TCR molecules (9-11, 17, 39, 40) . In fact, the CD4-binding site on the class II MHC molecule is nearly coincident with the ''dimer of class II MHC heterodimers'' interface previously proposed (40) . From this analysis, we conclude that dimerization of the ternary complex is not likely to occur via the ectodomains of components of the complex.
Mutagenesis of CD4-D4. Nevertheless, to directly assess the role of potential CD4-D4 oligomerization in pMHCII binding, a series of CD4-D4 mutations was made and examined for their capacity to alter CD4-pMHCII-dependent cell conjugate formation. On the basis of the dimer interaction in the CD4 D1-D4 crystals, Glu-356, Gln-344, and Lys-318 residues of one CD4 molecule interact with Lys-318, Gln-344, and Glu-356 residues, respectively, of the pseudodyad related molecules (11) . As shown in Table 1 , mutations at these positions separately or collectively are without significant effect on CD4-pMHCII binding, excluding this CD4 dimerization mode as essential for physiologic pMHCII interaction. Likewise, a potential tetramer model involving the D4 CCЈ loop of one CD4 molecule and the CЈ strand of a neighboring protomer as necessary for pMHCII binding is implausible. Note that earlier human-mouse species shuffle mutations at CD4 residues 328-330, which demonstrated significant reduction in pMHCII binding (41) , altered surface charge; alanine substitutions of these same residues are without functional effect. Although not shown, mutations on the BC and FG loops of CD4 D4 also provide no evidence for tetramerization via these D4 elements. From these results, the ternary model in Fig. 3 , molecular packing within our CD4 D1D2-CA͞I-A k crystal and related structural data (9-11, 17, 39) , physiologic CD4 oligomerization seems unlikely despite the indirect functional suggestions to the contrary. Perhaps the dominant negative effect of the Phe-433Ile CD4 variant in blocking wild-type CD4-pMHCII interaction (38) is a consequence of local clustering of variant and wild-type CD4, which are both compartmentalized in lipid rafts, rather than because of a molecular oligomerization.
Comparison of CD4 Binding to pMHCII and HIV1 gp120. CD4 is the primary receptor for the HIV virus. The mature HIV gp160 Fig. 1 . The interactions that are in common are displayed in the box, which shows the Phe-43 inserted in a hydrophobic pocket involving gp120 ␤15 and ␤23, the formation of an antiparallel mini-␤-sheet between the CЉ strand of CD4 and ␤15 from gp120 as well as interactions between CD4 Arg-59 and the loop connecting ␤20 to ␤21 in gp120. Besides these core interactions, gp120 has additional contacts through the V1͞V2 loop connecting the ␤2 and ␤3 strands, the D loop, and the V5 loop. (B) Overlay of CD4 -CA͞I-A k and CD4 -gp120 (42) complexes based on hCD4 D1 (blue and pink, respectively) with I-A k in yellow and gp120 in red. Phe-43 and Arg-59 side chains are shown.
envelope spike protein consists of the CD4-binding gp120 portion and the noncovalently associated gp41. CD4-gp120 interaction constitutes the first step of virus attachment, followed by cellular chemokine receptor binding (ref. 42 and refs. therein). The virus envelope gp160 spike protein then undergoes dramatic conformational changes, exposing its fusogenic gp41 portion, which coalesces viral and host cell membranes for viral genome entry. The binding of CD4-gp120 is orders of magnitude stronger than that of CD4-pMHCII (16, 43) . Although some studies map the HIV-and pMHCII-binding sites to the same region of CD4, others have mapped the two ligands to opposite sides (12, 13, 44, 45) . Having obtained the current CD4-CA͞I-A k structure, the direct threedimensional-structural comparison with the previously published CD4-gp120-Fab structure (42) becomes possible. Fig. 4A is a picture of the HIV gp120-CD4 complex with a view such that CD4 is in a similar orientation to CD4 in the Fig.  1 CD4-pMHCII complex. Strikingly, CD4 uses the same ''top corner'' for both pMHCII and gp120 binding. The key CD4 residue Phe-43 inserts into the junction of gp120's outer and inner domains as well as the bridging sheet (42) . The other two CD4 D1-binding regions associated with pMHCII interaction, the mini-antiparallel ␤ sheet involving CD4 segment Lys-46-Leu-44 on the CЉ strand and the small DE helix, also play a very similar role in gp120 binding. For example, gp120 uses its ␤15 strand Gly-366-Asp-368 segment to pair with the CD4 CЉ segment Lys-46-Leu-44 in an identical manner as the MHC class II molecule does to help position the CD4 Phe-43 residue ( Fig.  4A and Insert). The Phe-43-binding environment seems more favorable in the CD4-pMHCII complex than in the CD4-gp120 complex, because the gp120-binding pocket contains a negatively charged glutamic acid and includes a large cavity. The gp120 also makes less favorable interactions with the CD4 DE helix. However, gp120 binding to CD4 is accompanied by significant conformational changes that may be energetically favorable (43) and involves a broader area than CD4-pMHCII binding. Details of the way in which the six segments of gp120 bind to CD4 have already been described (42) . The buried surface area for CD4-pMHCII and CD4-gp120 is 850 Å 2 and 1,880 Å 2 , respectively (using probe radius ϭ 1.7 Å and density ϭ 4). From Fig. 4 , it is evident that the gp120 loop between ␤2 and ␤3 strands (VIV2), the £D loop, and the V5 loop may all contribute to greater binding. Because the current CD4-gp120-Fab structure comprises the core part of gp120, the intact molecule may make additional contacts with CD4 and͞or further kinetically facilitate its binding. Superposition of CD4 D1D2-CA͞I-A k and CD4 D1D2-gp120 complexes on the basis of hCD4 D1 further emphasizes the common CD4-binding mode (Fig. 4B) .
In conclusion, the crystal structure of the CD4-pMHCII presented here argues for a V-shaped CD4-pMHCII-TCR ternary complex as the basis of helper T-cell activation. It also demonstrates that gp120 binds to the identical structural elements of CD4 used by pMHCII, as well as to additional sites. Hence the virus has evolved to mimic the normal pMHCII interaction with CD4 but, in so doing, has augmented its interaction to bolster binding affinity. In this way, the viral protein usurps the normal CD4-pMHCII binding necessary for helper T-cell function (12) , hence causing the human immunodeficiency. Whether some other viral envelope proteins morph themselves to mimic the normal ligands of cellular receptors as well remains to be seen.
